The morphological evolution of primary austenite in an industrial hypoeutectic lamellar cast iron was studied under isothermal conditions for coarsening times varying from 0 min to 96 h. The dendritic austenite structure formed during the primary solidification suffered major morphological changes during the isothermal coarsening process. After a sufficient coarsening time, dendrite fragmentation, globularization, and coalescence of austenite were studied using electron backscatter diffraction (EBSD) technique. This study confirmed that the secondary dendrite arm spacing (SDAS) is an inappropriate length scale to describe the primary austenite coarsening process for longer times. The application of shape independent quantitative parameters confirmed the reduction of the total interfacial area during microstructural coarsening. The modulus of the primary austenite, M , which represents the volume-surface ratio for the austenite phase, and the spatial distribution of the austenite particles, measured as the nearest distance between the center of gravity of neighboring particles, D , followed a linear relation with the cube root of coarsening time during the whole coarsening process. The mean curvature of the austenite interface, characterized through stereological relations, showed a linear relation to M and D , allowing the quantitative characterization and modeling of the complete coarsening process of primary austenite.
Introduction
Primary dendrites, formed during solidification are typically found in the microstructure of metallic alloys. These dendritic microstructures are responsible to a certain extent for the final properties of cast components. Even if the component is subjected to a heat treatment, the properties of the primary dendritic microstructures will still affect its final performance [1] . During solidification, the dendritic microstructures form within the liquid phase and the evolution of this two phases region, called the mushy zone, is governed by a coarsening process [2] . Understanding the coarsening process and any related morphological changes in the dendritic structures of cast iron alloys during solidification is of technological importance to predict and tailor the final component properties.
The coarsening process, also known as Ostwald ripening, is a diffusion controlled phenomenon occurring in a wide range of two-phase systems. The driving force for coarsening is minimization of the interfacial free energy of the system, which initially is not in thermodynamic equilibrium due to its large interfacial area [3] . To minimize the free energy of the system, the interfacial area per volume tends to decrease, leading to a mass diffusion process that is associated with the curvature dependence of the equilibrium concentration, represented by the Gibbs-Thomson equation, Eq. 1 [3] : (1) where is the composition of the liquid at the solid-liquid interface, is the composition at the flat interface, is the capillary length, which is dependent on material parameters and H is the mean interfacial curvature, calculated as the mean of the two principal curvatures and , defined as 1/ and 1/ , where and are the principal radii of curvature.
Variations in the mean interfacial curvature, H, result in concentration gradients that lead to a diffusive transport of solute and to an evolution of the microstructure. These diffusional fluxes take place from regions of high interfacial curvature to regions of low interfacial curvature [1] . Through this diffusional process that includes dissolution and reprecipitation in the solid state, the overall length scale of the system increases and the total interfacial area decreases [4] .
The microstructural coarsening process has been thoroughly studied in systems of dispersed globular particles, where the radius of the particle affects the interfacial solute concentration. In this case, the particle radius is predicted to evolve following a linear relation with the cube root of the time over which solid and liquid coexist,
/
, and is proportional to a coarsening constant, [5, 6] .
For most cast alloys, topologically complex structures such as dendrites are present in the microstructure. The coarsening of the primary dendritic phase of these alloys has been traditionally described in terms of secondary dendrite arm spacing (SDAS) [7] .
Compared to the average particle radius for spheroidal particles, which is proportional to / , the SDAS shows a similar response to the coarsening process time. Therefore, and due to the practical difficulty to measure three-dimensional microstructures, SDAS has been generally considered as a valid length scale for characterization of the coarsening process in components for engineering applications [7] [8] [9] [10] [11] [12] .
However, during coarsening, a continuous evolution of the dendrite morphology takes place. First, the smaller arms are re-melted [7] , leading to a dendrite fragmentation [13] .
The original dendrite structure no longer exists at this point and detached solid particles adopt a globular shape [14] . Subsequently, these globular particles will after sufficiently long time coalesce into larger globular particles, to minimize the interfacial area per volume [9] . Under these conditions, the SDAS is no longer a suitable parameter to describe the coarsening of the microstructure.
Shape independent size scales have been suggested to describe coarsening. Marsh and
Glicksman [12] found that the specific surface area of the dendritic structures, S , was proportional to the decay of curvature, and followed a linear relation to / . This relation was proven valid for conserved volume fraction systems, despite the severe morphological change in the microstructure, from fine dendrites to globular particles [12] .
Voorhees and co-workers have used tridimensional reconstructions of dendritic microstructures [15] to study the coarsening process under isothermal conditions in binary systems such as Pb-Sn [1] or Al-Cu [16] . Calculations of S , characterization of the evolution of the mean curvature, H, the Gaussian curvature distribution [4] , and description of the fragmentation process have been reported recently [17] .
Hypoeutectic grades of lamellar cast iron are typical engineering alloys with a dendritic microstructure. In these grades, the growth and evolution of the primary phase during solidification are key factors determining the final microstructure [18] and therefore the component properties. The coarsening process of primary austenite in graphitic irons in as-cast conditions has been recently studied [19] , also at different cooling rates, through interrupted solidification experiments [20] using stereological methods. However, the continuous precipitation of solid phase during solidification did not allow the characterization of the complete evolution of the dendritic microstructure during coarsening.
The main stereological parameters used in those works, which are also applied in this investigation, are based on the widely acknowledged relation of the volume of a phase in the field of view [21] :
where is the total volume of austenite within the total analyzed volume and is the total area of austenite within the total analyzed area .
Using a similar approach, the ratio of the volume of the austenite, , to the surface area of the primary austenite, , is defined as the modulus of primary austenite, M , and can be calculated as follows [20] :
where is the perimeter of the austenite phase.
M can be compared to the modulus of geometry employed in Chorinov's analytical calculation of solidification, that relates the volume of a solidifying domain to the cooling surface of the domain [22] .
It was demonstrated in [19] that the specific inverse surface area, S , of the primary austenite phase can be approximated by:
where is the mean perimeter of the austenite phase.
Both stereological parameters showed a linear relation to / for the coarsening of primary austenite during solidification [19, 20] .
In recent work [23] , the hydraulic diameter of the interdendritic phase, D , was used to measure the interspace existing between the dendrites during coarsening:
Direct application of these parameters proved the relation between the coarsening process of the primary austenite phase and the mechanical performance of the alloy [23] .
An additional stereological relation to study the coarsening process was introduced by
Cahn [24] and DeHoff [25] . By different methods, both authors proposed an equivalent stereological relation to estimate the mean value of H, denoted as (H ), of a distribution of particles with positive curvature in a 2D random planar section [26] . To estimate H , a test line must be swept across the planar section of interest to count the number of interceptions with particles , and the number of particles per unit area . Then H can be estimated by [27] :
Note that is the number of interceptions with particles per unit length and not the number of particles intercepted.
The aim of the present work is to study the morphological evolution of the primary austenite dendritic structures in lamellar graphite iron during isothermal heat treatment, presenting the tools required for the characterization of the coarsening phenomena by means of a two-dimensional investigation combined with stereological relations. The isothermal coarsening process of the primary austenite is studied for long times, by following the microstructural evolution. EBSD was used to characterize the dendrite fragmentation and coalescence. Quantitative characterization of the isothermal coarsening process was achieved using stereological relations, S , M , D and D , the spatial distribution of the austenite particles, allowing the modeling of the mean value of H during isothermal coarsening.
Experimental Procedure
An industrial hypoeutectic lamellar cast iron typically used for production of automotive components was produced under industrial foundry conditions with the chemical composition shown in Table 1 . Cylindrical samples of ϕ50 × 100 mm were cast into sand molds. From these, cylindrical test-pieces were machined. After machining, the samples were subjected to a re-melting process followed by a cooling process leading to a primary solidification event and a subsequent isothermal treatment. The whole procedure was conducted using a vertical tube electrical resistance furnace, under argon gas to preserve the chemical composition of the alloy. The samples were introduced into the furnace inside an alumina crucible and re-melted in a heating cycle of 90 min from room temperature to 1723 K (1450 °C) and held for 30 min. Then the samples were cooled down inside the furnace, leading to the primary solidification.
The solidification process was halted when the thermal coherency temperature was reached. The thermal coherency temperature was identified in three preliminary experiments involving thermal measurements with two thermocouples, one placed at the geometrical center of the sample and a second thermocouple placed in the same planar section of the sample but in contact with the wall of the crucible. The thermal coherency was identified as the maximum temperature difference between center and wall thermocouple prior to eutectic solidification [28] . At this point, the coherent dendritic 
Results and Discussion
This section is divided into two main parts, the first contains the qualitative analysis of the evolution of the microstructure, including the EBSD characterization of the samples, and the second contains the quantitative characterization of the coarsening process using the different morphological parameters presented in Section 1.
Evolution of the Microstructure
The initial dendrite structure obtained, shown in Fig. 1a and Fig. 2a , corresponds to 0 min of isothermal treatment. The microstructure shows the dendritic structure existing at the exact moment the isothermal treatment was started. Fig. 1a and Fig. 2a confirm that the dendritic structure had reached and passed the dendritic coherency at that time. The samples were then subjected to the isothermal treatment after this dendritic coherency had been reached, and thus a coarsening process at constant solid fraction was promoted, avoiding other sources of morphological change in the structure except the isothermal coarsening process. The observed dendritic microstructure shown in Fig. 1a and Fig. 2a was formed by several coherent austenite grains, where each one of them showed a unique crystallographic orientation for all its dendritic structures, i.e. for the primary and secondary arms.
From the sequence of micrographs in Fig. 2 , the reduction of the primary austenite surface can be measured as isothermal treatment time progresses. The primary austenite showed an increasing length scale, Fig. 2a, Fig. 2b and Fig. 2c , followed by a prominent loss of the dendritic structure, and after 3 h of isothermal coarsening, Fig. 2d , it is very difficult to find secondary dendrite arms in the microstructure. This process of dendrite fragmentation, created independent detached austenite entities, 
EBSD Characterization of Dendrite Fragmentation
Although dendrite fragmentation, also known as dendrite multiplication, is a well-known phenomenon occurring during coarsening [14, 17] , analysis of the two-dimensional micrographs presented in Section 3.1 cannot provide conclusive evidence of its occurrence. The apparent absence of dendritic structures in Fig. 2g -j, could merely be an artifact due to the limitations of a two-dimensional investigation. If dendrite fragmentation is occurring during coarsening, the austenite particles are expected to have a different crystallographic orientation as the coarsening progresses.
To confirm that dendrite fragmentation does in fact occur during the primary austenite coarsening process an EBSD characterization of the coarsened samples was performed.
EBSD maps showing the crystallographic orientation of the primary austenite and cementite encountered in the samples coarsened after 0 min, 30 min, 6 h, 24 h, and 48 h are shown in Fig. 3 .
The crystallographic orientation of the primary austenite confirmed a progressive loss of coherency, dendrite fragmentation and coalescence of the austenite particles. Fig. 3a corresponds to the original structure after 0 min of isothermal coarsening, showed large austenite grains with a common crystallographic orientation as can be seen from the uniform color of the austenite phase in the EBSD map.
The effect of the coarsening process after 30 min can be seen in Fig. 3b where the length scale of the primary austenite has increased. However, the austenite still showed a dendritic structure with a high degree of coherency. Even austenite regions that might appear to be detached from the main dendrite body showed a coherent crystallographic orientation. This means that the small austenite particles were still attached to the primary arms and share a common crystallographic orientation. After 6 h, the dendritic structure was no longer observable and the crystallographic orientation of the primary austenite particles starts to show a variation as can be seen in Fig. 3c . The dendrite fragmentation can be confirmed after 24 h of coarsening, Fig. 3d , where globular particles with different crystallographic orientations are observed in the EBSD map. Fig.   3e shows signs of coalescence of three particles with the same crystallographic orientation, indicated with arrows. Considering the original coherent dendritic structure, shown in Fig. 1a, Fig. 2a and Fig.   3a , and the absence of nucleation and growth of new austenite particles during the isothermal treatment, the change in the crystallographic orientation shown in Fig. 3d and Fig. 3e can only be a result of the dendrite fragmentation motivated by the coarsening process after a sufficient isothermal time and further rearrangement of the detached particle. Once this dendrite fragmentation occurred, the presence of small convection currents in the liquid phase was sufficient to originate a change in the orientation of the particle and therefore a different diffraction pattern shown in the EBSD maps.
Based on these results an overview of the different stages of the coarsening process is schematically represented in Fig. 4 . The first step, reduction of surface area characteristic of Ostwald ripening takes places for austenite dendrites. Subsequently, fragmentation of the dendrite structure proceeds as the coarsening time increases. The detached austenite particles the adopt a globular shape to minimize the free energy of the system. The coarsening process continues, and driven by Ostwald ripening, leads to coalescence of austenite particles after a sufficiently long time. Fig. 4 . Schematic representation of the isothermal coarsening process of primary austenite.
Quantitative Characterization of the Coarsening Process
Quantitative characterization of the coarsening process was performed on two areas of 
Secondary Dendrite Arm Spacing (SDAS)
The SDAS was measured in the selected areas for the samples that still showed a dendritic structure and discernible secondary arms (isothermal treatment shorter than 3 h). The loss of dendritic structure and dendrite fragmentation occurred early in the coarsening process and only the first four samples were suitable for SDAS characterization. The SDAS shows the expected behavior, increasing linearly to t 1/3 , as depicted in Fig. 5 . SDAS cannot be used to characterize the coarseness of the remaining samples, since the secondary dendrite arms no longer exist. 
Mean Curvature Estimation by Stereology
By application of Eq. 6 to the binary images of the coarsened samples, we found the reduction of H with increasing time. 
Quantitative Stereological Shape Independent Parameters
The local area fraction of primary austenite ( ), area of primary austenite (A ), perimeter of the primary austenite phase (P ), and distance to nearest austenite particle (D ) were measured using the image analysis software on the binary images. The shape independent parameters presented in Section 1, the inverse surface area per unit volume (S ), the modulus of primary austenite phase (M ), and the hydraulic diameter of the interdendritic phase (D ), were calculated from the measured parameters and used.
The measured local area fraction of primary austenite, f , shows an average value of 0.38 with a standard deviation of 0.05 between the different samples (Fig. 7) . The inverse of the specific surface area, S , has been reported to be an accurate parameter to replace the SDAS in characterization of the coarseness of dendritic structures [1, 11, 14, 15] . Its linear relation to cube root of time is well known to be valid for conserved volume fraction systems [11] . Results from this work, shown in Fig. 8 , validate this relation for primary austenite coarsening. However, S shows a larger scatter and does not maintain the linear trend for samples coarsened for longer times.
This can be due explained by the strong sensitivity of the surface area on the solid volume fraction measured [12, 29, 30] . The decay seen in the inverse surface area, S , in Fig. 8 , for the last two samples can be associated with the increase of local solid fraction, which show values over 0.5 in one of the measured areas, (see Fig. 7 ). This increases the surface area of primary austenite, and therefore the S decreased, resulting in the last three samples having similar mean values. The ratio between D and M , shown in Fig. 13 , is observed to be almost constant for all coarsening times. This suggest that the size-related microstructure evolution driven by the reduction in interfacial area, and the rearrangement of the particles during the coarsening process even after dendrite fragmentation, are correlated.  The secondary dendrite arm spacing, SDAS, showed a linear relation to t 1/3 when measurable. However, because of dendrite fragmentation, it is proven that SDAS must be replaced by other shape independent parameters to completely describe the coarsening phenomenon.
quantitative characterization and modeling of the complete coarsening process of primary austenite.
 This investigation was performed in an industrial alloy, in contrast with most of the alloys used in literature in coarsening studies, which seldom represent real cases with industrial applications. The introduced quantitative stereological parameters were proven to be related to the physical characteristics of the coarsening process and present the necessary tools to characterize the coarsening process based on a two-dimensional investigation. As an alternative to the latest 3D/4D techniques, the two-dimensional tools might be expected to have a higher impact in the research and industrial communities as they are more accessible and easier to apply to complex alloys.
